Purpose To describe a series of patients with Stargardt disease (STGD1) exhibiting a phenotype usually associated with hydroxychloroquine (HCQ) retinopathy on spectral domainoptical coherence tomography (SD-OCT). Methods Observational case series from Columbia University Medical Center involving eight patients with geneticallyconfirmed STGD1. Patients selected for the study presented no history of HCQ use. Horizontal macular SD-OCT scans and accompanying 488-nm autofluorescence (AF) images, color fundus photographs, and full-field electroretinograms were analyzed. Results All study patients exhibited an abrupt thinning of the parafoveal region or disruption of the outer retinal layers on SD-OCT resembling the transient HCQ retinopathy phenotype. Funduscopy and AF imaging revealed variations of bull's eye maculopathy (BEM). Five patients exhibited local fleck-like deposits around the lesion. Genetic screening confirmed two disease-causing ABCA4 mutations in five patients and one mutation in three patients. Conclusions A transient SD-OCT phenotype ascribed to patients with HCQ retinopathy is associated with an early subtype of STGD1. This finding may also present with HCQ retinopathy-like BEM lesions on AF imaging and funduscopy.
Introduction
Stargardt disease (STGD1, OMIM [Online Mendelian Inheritance in Man] #248200) is an autosomal recessive macular dystrophy affecting between 1 in 8,000 and 1 in 10,000 persons worldwide [1] . The disease is caused by mutations in the ABCA4 gene, which encodes the ATP-binding cassette transporter in photoreceptors [2] . A dysfunctional ABCA4 protein results in the inadequate handling of vitamin A aldehyde in the outer segments of photoreceptor cells which, after shedding and subsequent phagocytosis, leads to an overaccumulation of phototoxic bisretinoids (including A2E) in retinal pigment epithelium (RPE) cells [3, 4] .
Accurately diagnosing STGD1 can be challenging, as it encompasses a wide phenotypic spectrum [5] [6] [7] [8] [9] . The early expression of STGD1 is typically characterized by a centralized or bull's eye maculopathy (BEM) lesion, after which pisciform fleck formation and/or concurrent atrophic expansion may occur, depending on the severity of the disease [10] . Clinically distinguishing STGD1 from other phenotypically similar diseases, such as pattern dystrophy (for example, the subset caused by RDS/PRPH2 mutations), can be difficult, especially given that similarities between these conditions exist across different imaging modalities, including 488-nm autofluorescence (AF) imaging and spectral domain-optical coherence tomography (SD-OCT). Furthermore, BEM is a relatively common finding in several other retinal dystrophies and can occur in metabolic and drug toxicities such as hydroxychloroquine (HCQ) toxicity [11] . This anti-malaria drug, commonly used in the treatment of various systemic autoimmune disorders, may result in toxic retinopathy, and regular screening of retinal function and structure using various tests to detect early signs of retinal toxicity is recommended [12] [13] [14] [15] .
Several studies have reported a unique characteristic on SD-OCT in patients with HCQ retinopathy, described as a thinning of the outer retinal layers around a preserved region of the ellipsoid zone (EZ), colloquially termed the Bflying saucer^sign [12] [13] [14] [15] [16] [17] . The term refers to an abrupt disruption of the EZ band in the parafoveal region and thinning of the outer nuclear layer, with relative sparing of the foveal region [13, [15] [16] [17] . This feature has been cited as a contributing element in the diagnosis of HCQ retinopathy [14, 15] ; however, it is uncertain whether its presentation is pathognomonic to this condition.
The present report describes eight patients with genetically confirmed STGD1 phenocopying the transient HCQ retinopathy phenotype on SD-OCT. A multi-modal assessment of concurrent fundus lesions, ranging from classical BEM to uncharacteristic flecking, is also described. All patients in this study presented to the clinic without a medical history of HCQ use.
Materials and methods

Patients and clinical evaluation
A retrospective review of 437 patients with a clinical diagnosis and genetic confirmation of STGD1, found to have one or two (expected) disease-causing mutations in the ABCA4 gene, was conducted at the Department of Ophthalmology, Columbia University. From this cohort, SD-OCT and AF (488-nm) imaging data were available for 200 patients. Eight of the 200 patients were identified as exhibiting the parafoveal outer retina thinning on SD-OCT resembling the transient HCQ retinopathy phenotype. All patients (n=437) provided consent before enrollment in the study under IRB protocol #AAAI9906 approved by the institutional review board at Columbia University. The study adhered to the tenets set forth in the Declaration of Helsinki. Each patient underwent a complete ophthalmic examination by a retinal physician (SHT), which included slit-lamp and dilated funduscopy examination, best-corrected visual acuity (BCVA; Snellen), color fundus photography, short-wavelength fundus autofluorescence (SW-FAF) and SD-OCT imaging. In addition, full-field electroretinograms were obtained on seven of the eight patients.
Procedures
Following pupil dilation with tropicamide (1 %) and phenylephrine hydrochloride (2.5 %), macular SD-OCT volume and high-resolution horizontal line scan through the fovea and corresponding fundus images (infrared reflectance and 488-nm AF) were acquired with the Spectralis HRA+OCT (Heidelberg Engineering GmbH, Heidelberg, Germany). Full-field scotopic and photopic electroretinograms (ERGs) were obtained according to the International Society for Clinical Electrophysiology of Vision (ISCEV) standards [18] using the Espion visual electrophysiology system (Diagnosys LLC, Littleton, MA, USA) and silver-impregnated fiber electrodes (DTL; Diagnosys LLC, Littleton, MA).
Genetic analyses
Screening of the ABCA4 gene was performed using nextgeneration sequencing (NGS), as described previously [19] , or with a different method, where all 50 exons and exon-intron boundaries of the ABCA4 gene were amplified using the Illumina TruSeq Custom Amplicon protocol (Illumina, Inc., San Diego, CA, USA), followed by sequencing on the Illumina MiSeq platform. The next-generation sequencing reads were analyzed and compared to the reference genome GRCh37/hg19, using the NextGENe variant discovery software (SoftGenetics, LLC, State College, PA, USA). All possibly disease-associated variants detected were confirmed by Sanger sequencing and analyzed using Alamut software (http://www.interactive-biosoftware.com). Segregation of the new variants with the disease was analyzed in families if family members were available. The allele frequencies of all variants were compared to the Exome Variant Server (EVS) dataset, NHLBI Exome Sequencing Project, Seattle, WA, USA (http://snp.gs.washington.edu/EVS/; accessed December 2014).
Results
Clinical and genetics evaluation
A retrospective analysis of eight unrelated patients with STGD1 exhibiting the transient HCQ retinopathy phenotype on SD-OCT was performed. Demographic, clinical and genetic characteristics are summarized in Table 1 . The cohort (age range, 10-57 years; four female and four male patients) consisted of ethnically diverse individuals who presented to the clinic for a retinal evaluation. With the exception of P1 and P3, patients presented with a negative systemic medical history. Patient 1 (P1) reported a history of Hashimoto thyroiditis, a n d P 3 h a d b e e n t r e a t e d f o r h y p e r t e n s i o n a n d hypercholesterolemia over a period of more than 10 years (hydrochlorothiazide 12.5 mg, amlodipine 10 mg, lovastatin 40 mg).
Five patients (P2, P4, P5, P6 and P7) reported no visual symptoms but were referred for a retinal evaluation after routine optometric visits, while P3 complained of mild bilateral metamorphopsia and P8 complained of halos in front of both eyes. BCVA values were unilaterally decreased in P5 and P8 ( Full-field ERG results showed no generalized rod or cone dysfunction. Genetic screening of both the ABCA4 and RDS genes by complete sequencing of the coding regions confirmed two (expected) disease-causing ABCA4 mutations in five patients and one mutation in the remaining three patients. Spectral domain-optical coherence tomography and autofluorescence imaging
Single horizontal line scans through the fovea and volume SD-OCT scans in each patient revealed an abrupt disruption of the EZ band in the parafoveal region and thinning of the outer nuclear layer (ONL), with relative sparing of the foveal region. Posterior displacement of the parafoveal inner retinal layers and relatively spared fovea with slightly anteriorly bowing ELM and EZ bands forming a so-called Bflying saucer^configuration associated with HCQ-induced retinal toxicity [13] was evident in all patients (see Figs. 1 and 2 , white arrows).
Regions of relative sparing were found to consistently occupy a central area~0.5 mm in diameter over the foveal center in all patients except P3, whose spared region extended further out (~1.5 mm). Despite the apparent sparing of the fovea, SD-OCT scans showed some abnormalities within this region in all patients. All patients had loss of the interdigitation zone (IZ) and thinning of ONL and EZ, except P3, who exhibited normal apparent thickness of all retinal layers, and P1, who showed no apparent decrease in ONL thickness in the fovea (Figs. 1 and 2) . Thinning of the retinal pigment epithelium (RPE)-Bruch's membrane complex in the fovea was observed in three patients (P2, P7 and P8). Patient 4 exhibited a thickened ELM protuberance that delimited a thin layer of spared EZ in the fovea.
The degree of outer retina involvement in the parafoveal region was variable. Three patients (P1-3) showed discontinuity/disruption of the EZ band and thinning of ONL preserving the ELM. Ellipsoid zone disruption in P1 was seen throughout a speckled AF lesion. Total loss of parafoveal EZ was seen in P4-8, while P7 and P8 had the most prominent changes, resembling most advanced parafoveal atrophy with ELM loss and RPE thinning (Fig. 2, P7 and P8 ). RPE thinning in this region also was noted in P1 and P2, while P2 had a very confined area of geographic atrophy in the nasal side of the fovea (Fig. 1,  P2 ). Interdigitation zone loss was present in all patients, becoming visible in parafoveal region in three patients (P2, P7 and P8).
Accompanying macular lesions in SW-AF imaging varied among patients. Round or elliptical BEM lesions with a dark center and hyperautofluorescent border were noted in P6, P7 and P8, while mottled fleck patterns where observed in P1-5 ( Figs. 1 and 2) . Patients 3 and 4 also exhibited a ring of fluorescent granular deposits surrounding the hypoautofluorescent ovoid foveal lesion (Figs. 1 and 2, P3 and P4). A preceding stage of the transient HCQ retinopathy phenotype in STGD1 was observed in P6, who exhibited EZ band loss (optically empty space) in the parafoveal region around the central island of preserved and hyperreflective photoreceptor layer (Fig. 3c) . Seven months later, the optically empty space appeared to collapse, forming a lesion resembling the transient HCQ-induced retinal toxicity SD-OCT phenotype (Fig. 3f, white arrows) .
Discussion
This retrospective analysis of eight patients with at least one disease-causing ABCA4 mutation exhibited a variant of foveal-sparing phenotype resembling a transient HCQ retinopathy phenotype on SD-OCT. None of these patients had been treated with chloroquine or HCQ.
A majority of the patients reported no visual symptoms, while one patient complained of decreased vision, one patient of metamorphopsia, and another patient of halos at the time of presentation. The relatively restricted retinal area of photoreceptor loss and the preservation of the photoreceptors at the fovea is consistent with good visual acuity, with no or minimal visual symptoms. The AF images exhibited variable flecks, suggesting that AF imaging is an important method for distinguishing STGD1 from HCQ retinopathy, although three of the patients had classical bull's eye autofluorescence pattern without any apparent hyperautofluorescent flecks. With regard to the HCQ retinopathy phenotype on SD-OCT, three patients exhibited a ring of EZ granularity and ONL thinning surrounding relatively spared fovea. Three patients showed loss of photoreceptors in the parafoveal region but preserved ELM, while two others, who were at a more advanced stage, exhibited a more extensive zone of atrophy with ELM loss. Despite being relatively spared in all cases, the foveal region in each patient exhibited some apparent abnormalities, uncommon in early stages of HCQ retinopathy. All patients had loss of IZ, and a majority had notable ONL thinning. Slight thinning of EZ was observed in all patients but P3, in whom it appeared unaffected. Notable RPE thinning in the fovea was observed in P2, P7 and P8. Together, the varying degrees of disease severity in each case may represent various stages of HCQ retinopathy phenotype development in STGD1. The majority of patients represented early stages of STGD1, with foveal sparing and a confined area of photoreceptor loss, while P7 and P8 had a fully developed form of foveal-sparing phenotype, with advanced atrophic changes occurring in the parafoveal region of the retina.
Early foveal sparing in STGD1
Patients with foveal sparing retain partial or full function of the foveal region and typically maintain good visual acuity, as both the EZ and RPE layers in the fovea remain relatively intact [9, 20] . The precise etiology of foveal sparing in STGD1 is unknown, but certain theories point to anatomical factors within this region that impart protective effects-for instance, given the damaging effects of light in the pathogenesis of STGD1 [21, 22] , it has been suggested that the presence of luteal pigment, which absorbs short-wavelength and ultraviolet light, protects this region [23] . Another hypothesis points Fig. 3 Structural development of a lesion resembling the HCQassociated parafoveal outer retina thinning phenotype in patient 6. Color (a) and autofluorescence (b) images presented with corresponding spectral domain-optical coherence tomography (SD-OCT) scans in both eyes (c). Parafoveal optically empty lesions in each eye (dotted box) are apparent bilaterally. A subsequent visit 7 months later (d, e, f) revealed an apparent collapse of the inner retinal layers forming abrupt thinning of the parafoveal region (white arrows), consistent with an HCQ-induced retinal toxicity presentation to the ability of cones to receive 11-cis-retinal from Muller cells enabling the alternative visual cycle, whereas the chromophore in rods is solely derived from the RPE cells, which have been found to be significantly affected in STGD1 [24, 25] . Researchers exploring the role of genetic etiology in foveal sparing have reported that the ABCA4 variant p.R2030Q is more prevalent in these patients [9] , although this rare variant was not found in our cohort. An etiological connection between foveal sparing and ABCA4 is further weakened by the incidence of foveal sparing phenotype in other genetically distinct retinal degenerative diseases such as RDS/PRPH2 pattern dystrophy and AMD [26, 27] . Further, more extensive study will be necessary to elucidate its precise mechanism.
Common pathways between STGD1 and HCQ retinopathy
Chloroquine and its derivative HCQ is known to bind with melanin and preferentially accumulate in the pigmented tissues of the eye (iris, ciliary body, choroid and RPE) [28] . As weak bases, both chloroquine and HCQ elevate lysosomal pH, disrupting its degradative capacity. This effect in RPE reduces the efficient degradation of photoreceptor outer segments, ultimately leading to the formation and oxidation of lipofuscin [29, 30] . The pathophysiology of STGD1 results from the dysfunction of the ABCA4 protein permitting the accumulation of retinaldehyde in the outer segments and lipofuscin in the RPE cells. Lipofuscin accumulation in the RPE is believed to be the impetus for STGD1 [3, 4] . Increased levels of AF from lipofuscin accumulation have been reported in STGD1 [31] , and the areas of increased AF around the developed BEM lesions observed in our cohort (P6, P7 and P8) may reflect local accumulation of lipofuscin, as has been previously speculated [32] . In previous studies of patients with HCQ retinopathy, however, the increased AF has been attributed to photoreceptor outer segment-derived AF [15, 33, 34] . Despite the possible similarities between these two retinopathies, and the early disruption of RPE metabolism in HCQ retinopathy, several imaging studies with OCT in HCQ retinopathy have shown that photoreceptor loss precedes RPE cell atrophy [12, 13, 15, 34] , while in STGD1, the precise sequence of RPE/ photoreceptor loss is less clear [6, 35, 36] . All patients from our cohort with the described HCQ retinopathy phenotype on SD-OCT had a bull's eye pattern or confined patterns of mottling on AF, suggesting RPE involvement, whereas bull's eye atrophy in HCQ retinopathy occurs at a relatively late stage [14] . The observation that RPE is affected to a greater degree and that this occurs at an earlier stage of the disease process in patients with STGD1 than in patients with HCQ retinopathy serves as an important distinguishing characteristic between these two disease phenotypes.
An ABCA4-associated genetic predisposition to retinopathy following chloroquine or HCQ treatment was proposed by Shroyer et al. [37] , who found diseaseassociated missense variants in ABCA4 in two of eight patients with a history of HCQ use and apparent HCQ maculopathy. These variants were not present in a control group, suggesting that carrying an ABCA4 mutation may increase the risk of HCQ retinopathy. In fact, one of the two patients was homozygous for the missense mutation p.R2107H, but was thought to have HCQ maculopathy due to the classical appearance of this retinopathy in addition to the lack of dark choroid and flecks characteristic of STGD1. Interestingly, the p.R2107H mutation was also present in two of the eight patients with phenotypes resembling HCQ retinopathy in our study. Both of these patients are of African descent. Furthermore, this variant was recently described as a highly prevalent diseasecausing mutation in African-American patients with STGD1, usually with a later-onset, milder phenotype [38] .
In conclusion, we present eight STGD1 patients who exhibited an early and transient stage of foveal sparing resembling the parafoveal thinning phenotype associated with HCQ retinopathy. A conspicuously distinct feature in the retinal appearance of our STGD1 cohort was the presence of pisciform flecks in five of eight patients (P1, P2, P3, P4 and P5) that was apparent on funduscopy, AF and SD-OCT imaging. While the development of such flecks is characteristic of STGD1, certain cases may present with only a centralized lesion or BEM (e.g., patients P6, P7 and P8 in this study). Conversely, the fundus appearance of early HCQ retinopathy has been described as less variable across cases [14] . A thorough examination of the fundus, and in more difficult, ambiguous cases, genetic screening of retinal dystrophies associated with foveal sparing, should accompany the evaluation of retinal toxicity in order to avoid the misdiagnosis of masquerading inherited retinal dystrophies, particularly Stargardt disease. Conflict of interest All authors certify that they have no affiliations with or involvement in any organization or entity with any financial interest (such as honoraria; educational grants; participation in speakers' bureaus; membership, employment, consultancies, stock ownership, or other equity interest; and expert testimony or patent-licensing arrangements), or non-financial interest (such as personal or professional relationships, affiliations, knowledge or beliefs) in the subject matter or materials discussed in this manuscript.
